Abstract Seamounts or submarine volcanoes frequently collide with the overriding crust along presently active subduction zones locally modifying stress and permanent deformation patterns. Dynamics of this process is not fully understood, and several end-member scenarios of seamount-crust interaction are proposed. Here we use high-resolution 3-D numerical models to investigate evolution of crustal deformation and stress distribution within the upper plate induced by the underthrusting of subducting seamounts. The dynamical effects of the upper plate strength, subduction interface strength, and strain weakening of the crust are investigated. Experiment results demonstrate that characteristic crustal fracturing patterns formed in response to different seamount-crust interaction scenarios. Indenting seamounts strongly deform the overriding plate along a corridor as wide as the underthrusting seamount by constantly shifting subvertical shear zones rooted at the seamount extensions. A reentrant develops during initial seamount collision. A topographic bulge atop the seamount and lateral ridges emerge from further seamount subduction. Obtained stress pattern shows areas of large overpressure above the rearward and large underpressure above the trenchward flank of the seamount. Results of numerical experiments are consistent with seismic reflection images and seismic velocity models of the upper plate in areas of seamount subduction along the Middle America Trench and give important insights into the long-lasting question, whether subducting seamounts and rough seafloor act as barriers or asperities for megathrust earthquakes.
Introduction
Oceanic plates contain a vast amount of seamounts that are either scattered or form linear chains [Hillier and Watts, 2007; Smith and Jordan, 1988] . Those seamounts have very different dimensions, from hundreds of meters to several kilometers tall and few to over a hundred kilometers wide. They migrate within the ocean plates toward subduction trenches according to plate motion and eventually collide with continental margins where oceanic plates subduct [von Huene, 2008] . Collision of seamounts with overriding plates at trenches has been studied worldwide along many trenches [e.g., Bangs et al., 2006; Collot and Fisher, 1989; Timm et al., 2013; von Huene et al., 1997] .
Seamounts initially collide with the toe of the margin and later tunnel beneath the thickening continental wedge . The overriding plate displays characteristic topographic features due to this process including seafloor embayments, a bulge above underthrusting seamounts, collapsing slope material in the wake of the seamounts, and a resulting furrow delineating the seamount subduction path [Lallemand and Le Pichon, 1987; Ranero and von Huene, 2000; Ruh, 2016] . Regarding the dynamic evolution of the continental margin wedge down to the subduction interface, Wang and Bilek [2014] summarized three potential end-member scenarios for the mechanical response during seamount subduction partially based on earlier published studies ( Figure 1 ): (i) Cloos [1992] and Cloos and Shreve [1996] proposed that seamounts can be cut off entirely within the subduction channel shear zone, (ii) Scholz and Small [1997] suggested that the continental wedge slides without major internal deformation over the subducting seamount, and (iii) Wang and Bilek [2011] indicated the possibility of seamounts breaking through the continental wedge by severely fracturing its surrounding.
The above listed scenarios have been used to relate seamount subduction and megathrust seismicity. Cloos and Shreve [1996] argue that in Chilean-type subduction zones, where subducting sediment thins by compaction in the subduction channel below the continent, large earthquakes might occur where seamounts hit the RUH ET AL.
SEAMOUNT SUBDUCTION: NUMERICAL MODELING 1 overriding rigid block ( Figure 1a ). In Marianas-type erosional subduction zones, seamounts might be truncated at shallow level (low confining pressure) but subduct aseismically at greater depth ( Figure 1b ). Scholz and Small [1997] propose that the elastic flexure of the overriding plate sliding over a subducting seamount leads to locally increased normal stresses on the subduction interface, enhancing seismic coupling ( Figure 1c ). This would imply that the overriding plate deforms purely elastically because brittle faults would release accumulated flexural elastic strain, i.e., stresses. Contrariwise, Wang and Bilek [2011] postulated that the permanent brittle deformation of the overriding plate induced by seamount subduction develops a complex heterogeneous stress field which does not support the generation of large earthquakes but rather an environment favorable for aseismic creep ( Figure 1d ). Although field observations support that seamounts are related to seismic initiation and rupture propagation arrest, the actual relation between seamount subduction and megathrust seismicity is a matter of debate [e.g., Geersen et al., 2015; Kodaira et al., 2000; Mochizuki et al., 2008; Watts et al., 2010] . It has been proposed that subduction of rough seafloor rather limits than favors the occurrence of very large earthquakes [Wang and Bilek, 2014] .
To what extend the overriding plate and the seamount itself are deforming and how stresses are reorganized during collision is not fully understood. Surface topography above subducted seamounts and seismic imaging indicate that most seamounts survive to depths of 20-30 km [e.g., von Huene et al., 2000] , whereas complete decapitation of seamounts at crustal levels is rare [Wang and Bilek, 2014, and references therein] . On the other hand, exhumed pieces of subducted seamounts in Japan indicate that seamounts are dismembered into fragments 1 to 2 orders of magnitude smaller than their initial size [Isozaki et al., 1990] or underplated and stacked as coherent units at depths of 20-30 km [Ueda, 2005] . However, these structures-inferred from the fossil record-are inadequately documented worldwide and could represent exceptional events during seamount subduction.
Analogue models have reproduced a dense network of faults within the overriding plate caused by subducting seamounts [Dominguez et al., 2000; Dominguez et al., 1998b; Lallemand et al., 1992] and elongated ridges [Hampel et al., 2004] . The resemblance of surface morphology between sandbox models and natural examples obtained with seafloor mapping tools suggests that the observed style of upper plate deformation Figure 1 . Suggested scenarios of overriding plate response to subduction of a seamount (adapted from Wang and Bilek [2014] ). Figures 1a and 1b show cutting off of subducting seamounts according to Cloos and Shreve [1996] : (a) Large earthquakes occur due to seamount decapitation at high confining pressures. (b) Absence of large earthquakes due to very shallow seamount decapitation. (c) The upper plate slides over subducting seamounts without internal deformation [Scholz and Small, 1997] . Resulting bending stresses potentially increase normal stress on the plate interface. (d) Subducting seamount severely breaks, i.e., fractures the overriding plate [Wang and Bilek, 2011] . Heterogeneous fracture network reduces interpolate coupling.
Journal of Geophysical Research: Solid Earth

10.1002/2016JB013250
occurs at convergent margins where large seamounts subduct [Dominguez et al., 1998b] . However, little has been attempted so far to analyze with numerical models the complex stress field within and around a subducting seamount [Ruh, 2016; Zeumann and Hampel, 2015] . Dynamic earthquake rupture models infer that subducting seamounts may have a strong effect on the evolution of seismic events, acting either as a barrier or as an area of large stress drop [Duan, 2012; Yang et al., 2012 Yang et al., , 2013 . As argued by Wang and Bilek [2014] , these models ignore the effect of the seamount as a geometrical irregularity but implement it as a patch of increased normal stress on the planar fault, an assumption that is not necessarily correct. Baba et al. [2001] reproduced the incremental stress field associated with seamount subduction by applying continuum numerical simulations with a purely elastic rheology. Results manifest a concentration of increased shear stresses along the flanks of the seamount. However, over longer time scales, the rheology of a continental margin is rather characterized as a Coulomb material than as purely elastic [Lallemand et al., 1994] . Therefore, a more complex crustal rheology model is needed to simulate the generation and evolution of a complex fracture system and the resulting absolute stress field.
Here we present 3-D high-resolution dynamic numerical experiments of seamounts colliding perpendicular with a continental margin. The impact of oblique subduction of seafloor irregularities has yet been studied with numerical and analogue modeling techniques [Dominguez et al., 1998a; Hampel et al., 2004; Zeumann and Hampel, 2015] . The applied numerical code includes a brittle/plastic rheology and is therefore able to reproduce an expected complex fracture network observed in analogue models and seafloor maps [e.g., Dominguez et al., 1998b; Wang and Bilek, 2011] . Our aim is to understand the expression of permanent deformation and the evolution of the stress field within the continental crust during seamount underthrusting depending on upper plate strength. Furthermore, the topographic morphology obtained by our models is compared to natural examples of the Middle America Trench.
Numerical Model
The numerical code I3ELVIS used for the modeling of seamount subduction is based on a combination of a finite difference method, applied on a staggered Eulerian grid, and a marker-in-cell technique (I3ELVIS) [Gerya, 2010; Gerya and Yuen, 2007] . The momentum and mass conservation equations are solved on the Eulerian frame, and physical properties are transported by Lagrangian markers that move according to the velocity field interpolated from the fixed grid. Non-Newtonian viscous-brittle/plastic rheologies are used in the model. Governing equations and the numerical implementation are described in Appendix A.
The Eulerian computational domain has dimensions of 97.2 · 49.2 · 22.2 km (Figure 2a ) and is resolved with a regular rectangular grid of 325 · 165 · 149 nodes and contains~63 million randomly distributed Lagrangian markers. The initial model geometry is set up to resemble the continental margin offshore NW Costa Rica and Nicaragua [Ranero et al., 2008, Figure 2] away from Cocos Ridge. It contains a 450 m thick lowermost rigid subducting plate underlaying a 450 m thick décollement/subduction interface (450 m = thickness of three Eulerian cells for accurate resolution). Above, the continental margin section is prescribed, which thins out toward the trench (Figure 2a) . A 300 m thick sedimentary sequence covers the incoming oceanic plate. The oceanic plate contains a conical seamount (base radius = 9.14 km, peak height = 2.45 km, and flanks slope = 15°) cutting through décollement and sediments (Figure 2a ). Free surface condition is implemented by using a lowviscosity (10 18 Pa s), low-density (1 kg/m 3 ) "sticky air" filling the rest of the computational domain [e.g., Schmeling et al., 2008] .
At the bottom, a constant velocity boundary condition with v x = -1 cm/yr is applied to prescribe the subducting plate motion. New oceanic plate material is supplied through the right boundary. Free slip boundary condition is used at the frontal and rear sides and at the top of the model. Dip angle of the subducting plate corresponds to 10°, which is prescribed by using an inclined gravitational acceleration vector g = 9.81 m/s 2 (g x = 1.7 m/s 2 , g y = 0, and g z = 9.66 m/s 2 ; Figure 2a ). The initial margin geometry thus has a flat shelf (α = 0°) from 0 to 30 km in x direction and a slope area (α = 5°) between 30 and 80 km (Figure 2a ).
by the Drucker-Prager formulation depending on dynamic pressure P, friction angle ϕ, cohesion C 0 , and fluid pressure ratio λ:
where
In two dimensions, this yield criterion can be illustrated on a Mohr circle ( Figure 2b ) with
Having in mind that P dynamic = g · ρ · h + σ y in compression and P dynamic = g · ρ · h À σ y in extension, where g is gravitational acceleration, ρ density, and h depth, deviation of dynamic pressure from lithostatic pressure (deviatoric stress) during brittle failure in 2-D can be described as
and
In three dimensions, these values can differ due to additional shear stresses.
Brittle/Plastic Strength of Upper Plate and Subduction Interface
All modeled rocks (continental margin, sediments, interface, and seamount) have an internal friction angle of ϕ = 30° [Byerlee, 1978] . Cohesion amounts C 0 = 10 MPa for continent and sediments, C 0 = 5 MPa for the (1) and (2)). Seismic imaging reveals that free fluids accumulate along the plate interfaces at subduction zones [e.g., Bangs et al., 2015; Ranero et al., 2008] . The source of those fluids is mainly a result of dehydration of smectite and biogenic opal between~50 and 160°C [Spinelli and Underwood, 2004] . This is supported by an increased density of fluid seep occurrence above the plate boundary with respective temperatures . Furthermore, fluid seeps along nonaccretionary margins indicate that fluids mainly migrate upward from the plate interface into the continental crust. Fluid flow measurements and chemical modeling of these fluids indeed suggest that less than 10% of the deep expelled fluids migrate laterally along the plate boundary toward the trench [Hensen and Wallmann, 2005; Ranero et al., 2008] .
Fluid pressures in a saturated medium can range from hydrostatic to dynamic pressure. To cover a large spectrum of potential apparent fluid pressures within the overriding crust, applied values for λ upper plate in our experiments are 0.36 (hydrostatic for ρ upper plate = 2800 kg/m 3 and ρ fluid = 1000 kg/m 3 in the absence of any tectonic overpressure), 0.63, and 0.9. These values for fluid pressure ratio cover the interval analyzed for different margins worldwide [Cubas et al., 2013; Davis et al., 1983; Wang and Hu, 2006] . Fluid pressures along the subduction interface are suggested to be highly elevated. Estimated values for λ calculated from V p /V s ratios range from 0.94 to 0.98 [Moreno et al., 2014] . Force balancing of topographic loading provides λ ≈ 0.95 as a long-term average value along plate interfaces [Lamb, 2006] . Fluid pressure ratios of the plate interface applied here in experiments are λ interface = 0.92, 0.95, and 0.98.
To test the influence of elevated fluid pressures along spontaneously forming fracture zones within the upper plate [Dymkova and Gerya, 2013] , additional experiments including plastic strain weakening are presented. Sediments and seamounts are linearly weakened by increasing fluid pressure according to
and lowering C 0 to 0.2 MPa according to accumulated plastic strain ε pl between 0 < ε pl < 1 [Ruh et al., 2014] . 
Results
We conducted eight numerical simulations for various values of fluid pressure ratio λ (and therefore varying brittle strength) of the subduction interface and the overriding plate. In addition, three experiments were run to evaluate the effects of strain weakening. Figure 3 shows the evolution of our reference model with intermediate interface and overriding plate strength (λ interface = 0.95; λ upper plate = 0.63). Both lithological structure markers and the second invariant of the strain-rate tensor record deformation within the upper continental plate, with areas of fast deformation indicated by localization of high brittle/plastic strain rates (Figure 3 ). After 1.97 Ma, the whole seamount has been thrusted under the overriding plate. Accretion of the frontal sediment prism is accompanied by high strain-rate values along the trench (Figure 3a ). The curved outline of this high strain-rate zone, i.e., the margin toe, also visible in the lithological structure, is the result of stalled frontal accretion during seamount collision at the trench and forms a so-called reentrant. Frontal accretion of the thin incoming sediment layer commences again when the overriding plate has completely overthrust the incoming seamount. At 3.49 Ma, the deformation front is sublinear over the whole model width and the reentrant has been closed ( Figure 3b ). A high strain-rate horizon separating the downgoing slab and seamount from the overriding plate corresponds to the active subduction interface. 
Dynamics of Seamount Indentation
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Within the overriding plate, high strain rate localizes subvertically above the seamount tip and at the trenchward outline of the seamount. In map view, the increased strain-rate zone takes on a circular shape ( Figure 3b ). After 5.01 Ma, the deformation zone above the seamount exhibits three subvertical zones of increased strain rate and is clearly separated from the frontal accretion of sediments ( Figure 3c ). The three strongly localized strain-rate zones are located above the frontal edge, the apex, and the shallower edge of the seamount. A further zone of strain-rate localization forms a curved band over the seamount, merging with the middle subvertical shear zone. The subvertical shear zones rooting at the lower edge and the apex join upward near the seafloor, where they form a ring-like structure together with the subvertical shear zone above the shallow edge of the seamount (Figure 3c ). The subduction interface smoothly overrides the subducting seamount to reach the deformation front at~90 km (x axis). During further subduction of the seamount, maximal values and localization on the subvertical high strain-rate shear zones decrease ( Figure 3d ). On the other hand, deformation along the curved shear zone roughly parallel to the seamount top becomes predominant. In summary, localized high-strain-rate shear zones indicate an evolving spatial distribution of brittle deformation in the upper plate as the seamount subducts. Due to the motion of the seamount with respect to the overriding plate, shear bands are not locally active long enough to develop fault zones with observable offsets in plots of the compositional markers, although the upward bending of the upper plate is accompanied by brittle deformation (Figure 3 ).
The modeled topographic evolution and vertical movement of the seafloor caused by seamount underthrusting are shown in Figure 4 . At 1.97 Ma, a low-topographic reentrant at the margin toe can be observed with a width equal to the base of the seamount (~20 km). The bulge atop of the underthrusting seamount is a~20 km wide and~2 km high with respect to the surrounding topography ( Figure 4a ). After 3.49 Ma, lateral ridges parallel to the convergence vector develop, delineating a furrow in the wake of the (Figure 4b ). The topographic expression of the bulge decreases with ongoing seamount subduction. After 6.58 Ma, the bulge above the seamount has a height of~500 m, with respect to its surrounding topography (Figure 4d ).
At an early stage of seamount subduction, vertical velocities at the seafloor are~2.5 mm/a above the rearward side of the seamount and~-2.5 mm/a above the trenchward side ( Figure 4e ). Subsequently, the vertical movement at the seafloor diminishes to ±1 mm at 6.58 Ma during ongoing seamount subduction (Figures 4e-4h ). Additionally, black lines indicating the strain-rate contour at _ ε : = 5 · 10 À15 s À1 illustrate a decreasing surface area of elevated strain rates ( _ ε : > 5 · 10 À15 s
À1
), as observed in Figure 3 .
Stresses in the Overriding Plate During Seamount Subduction
The stress and pressure states of experiments after~4.4 Ma are illustrated by plots of the largest principal stresses and the divergence of dynamic pressure from lithostatic pressure, hereafter named tectonic underpressure and overpressure [Mancktelow, 1995; Petrini and Podladchikov, 2000] . Vertical profiles of the x-z plane cut at y = Ly/2 (Figures 5 and 7) , whereas horizontal profiles show the dynamic pressure in the overriding plate 500 m above the interface (Figures 6 and 8) . The largest principal stress, σ m , is plotted with direction and dimension on top of the dynamic pressure cross sections.
Influence of Overriding Plate Strength
The effect of upper plate strength on stress distribution is illustrated based on experiments with equal interface strength (λ interface = 0.95) but different fluid pressure ratios within the overriding plate (λ upper plate = 0.36, 0.63, and 0.9). Vertical cross sections at y = Ly/2 show that the largest overpressure occurs above the rearward (i.e., leading) flank of the subducting seamounts in all experiments ( Figure 5 ). In areas of compression, σ m are oriented toward the seamount. Areas of comparatively larger underpressure are located above the trenchward flank of the seamount. All three simulations, furthermore, exhibit a triangular zone of tectonic underpressure between~5 km above the seamount apex that extends up to the seafloor, indicating an area that is undergoing extension. Absolute values for underpressure and overpressure decrease with increasing fluid pressure ratio ( Figure 5 ), where tectonic pressures that can develop will be limited by the strength of the confining upper plate [Mancktelow, 1995 [Mancktelow, , 2008 . Profiles 500 m above the subduction interface show that the areas of largest overpressure and underpressure are delimited by the vertical projection of the seamount outline, with overpressure above the leading flank of the seamount and underpressure above the trenchward flank ( Figure 6 ). Furthermore, away from the seamount, the base of the upper plate of the experiment with λ upper plate = 0.36 is mainly under compression, except for two small patches ahead of the seamount (Figure 6a ). For larger fluid pressure ratios (λ upper plate = 0.63 and 0.9), stresses in the upper plate ahead of the seamount are extensional, whereas trenchward they are mainly compressional (Figures 6b and 6c ). Along these presented profiles, absolute values for underpressure and overpressure decrease with increasing fluid pressure ratio.
Orientation of the principal stress σ m is generally parallel to the x axis for compressional field (Figure 6a ) and near parallel to the y axis for extensional fields (Figures 6b and 6c ). On top of the leading seamount flank, the experiments show stress orientations parallel to the movement direction of the seamount. At the side of seamounts and on their trenchward flanks, principal stresses rotate toward the wake, which is the underpressured region ( Figure 6 ). (Figures 9a and 9d) . λ upper plate = 0.63 (Figures 9b and 9e) . λ upper plate = 0.9 (Figures 9c and 9f) . Seamount gets only deformed for λ upper plate = 0.36 and without strain weakening (Figure 9a ). Large-scale normal faults (white arrows) develop for very weak upper plates (Figures 9c and 9f) . Black arrows indicate thrust shear zones in the wake of seamounts (Figures 9d and 9e) . σ m above the leading flank of the seamount are oriented toward the seamount peak, independent of the interface strength. Furthermore, the top~10 km of the rearward part of the continental margins (x < 30 km) are generally under compression, showing near-horizontal principal stresses σ m (Figure 7) . However, for λ interface = 0.92, the bottom of the overriding plate between x = 20 and 30 km is underpressured, with a near-vertical orientation of σ m (Figure 7a ). This underpressured area landward of the seamount increases for experiments with increasing interface fluid pressure ratios (Figures 7b and 7c ).
Slices 500 m above the subduction interface show the largest overpressure and underpressure delimited by the outline of the seamount base (Figure 8 ). Furthermore, absolute values for underpressure and overpressure (Figures 10a and 10d) . λ upper plate = 0.63 (Figures 10b and 10e) . λ upper plate = 0.9 (Figures 10c and 10f ). Seamount gets only deformed for λ upper plate = 0.36 and without strain weakening (Figure 10a ). Overriding plate deformation is strongly influenced by seamount indentation, where the deformation scar is equally wide as the seamount. Large-scale normal faults develop for very weak upper plates (Figures 10c and 10f) .
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Effect of Strain Weakening
In addition to the experiments already presented, the effect of strain weakening has been tested on numerical models with different overriding plate strength and intermediate interface strength. Therefore, the overriding plate and seamount strength has been made dependent on accumulated brittle/plastic finite strain. In this study, a linear increase of fluid pressure ratio according to equation (6) and a decrease of cohesion C 0 to 0.2 MPa are applied for 0 < ε pl < 1. The accumulated plastic strain after 6 Ma of experiments with and without strain weakening is presented in Figure 9 to illustrate the effect of strain weakening on the structural development of the overriding plate. There, all experiments exhibit increased finite strain values at the frontal prism (x > 70 km) due to deformation of incoming material. Apart from the frontal prism, the distribution of accumulated strain differs markedly depending on upper plate strength and whether strain weakening is turned on or not. Experiments without strain weakening and either a strong (λ upper plate = 0.36) or an intermediate upper plate strength (λ upper plate = 0.63) lack localized accumulation of strain within the upper plate (Figures 9a and 9b) . However, for λ upper plate = 0.9, conjugated large strain bands rooting down to the interface indicate localized shearing, although the maximum value of ε pl = 0.7 is still relatively low (Figure 9c ). Generally, experiments without strain weakening exhibit increased plastic strain in the wake of subducting seamounts in contrast to its surroundings and a gradual decrease to zero ahead of the seamount (Figures 9a-9c) . 
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Experiments with strain weakening implemented all exhibit specific patterns of localized shear zones (Figures 9d-9f ; notice the different scales of color bars). For a fluid pressure ratio of λ upper plate = 0.36 and λ weakened = 0.68, up to 20 km long narrow thrust shear zones dipping shallowly rearward develop between the seamount and the frontal prism (Figure 9d ). This upper plate compression in the wake of the seamount results from gravitational collapse of the bulge. The experiment with intermediate strength (λ upper plate = 0.63; λ weakened = 0.77) also exhibits subvertical accumulation of strain in the wake of the seamount with a regular spacing of 1.5-2 km (Figure 9e ). For λ upper plate = 0.9 (λ weakened = 0.95), strongly localized strain forms conjugate shear zones rooting into the subduction interface at the trenchward boundary of the seamount (Figure 9f ). Furthermore, several sets of conjugate shear zones appear close to the surface in the rear of the margin (x = 10-40 km).
Away from the frontal prism, brittle/plastic deformation at the surface of the continental margin is only detectable above the seamount. Only the conjugate shear zones extending to the rear of margin for a weak upper plate (λ upper plate = 0.9) affect the whole width of the model (Figure 10 ). Vertical cross sections through strong and intermediate margins (λ upper plate = 0.36 and 0.63) with strain weakening show similar patterns of stresses, with peak underpressure and overpressure above the flanks of the seamount and a lower portion of the upper plate under extension (Figures 11a and 11b ). For λ upper plate = 0.9, the whole rear part of the margin is overpressured and peaks of overpressure and underpressure are lower compared to the experiment without strain weakening (Figures 5 and 12c ).
The upper plate slices 500 m above the interface show that for a strong overriding crust (λ upper plate = 0.36), strain weakening leads to a margin that is underpressured at the rear (Figure 12a ), in contrast to the model without strain weakening (Figure 6a) . Furthermore, the experiment with large fluid pressure ratio (λ upper plate = 0.9) exhibits a more complex stress pattern, with patches of underpressure and overpressure distributed along the bottom of the overriding plate if strain weakening is implemented (Figure 12c ).
Seamount Deformation
Collision of a seamount with the overriding plate at a subduction zone leads to different patterns of deformation depending on its brittle strength (Figure 9 ). Accumulated strain shows that the descending seamount only 
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gets deformed when the experiment setup has a very strong upper plate (λ upper plate = 0.36). In this experiment, at x = 20 km, the root of the subducting seamount is still visible, while the largest part was dismembered and strained on its way down, and appears to have been underplated between x = 30 and 50 km (Figure 9a ). The temporal evolution of seamount deformation for the experiment shown in Figure 9a is illustrated by the percentage of seamount volume exhibiting a finite strain larger than 1 (Figure 13 ). The seamount remains largely undeformed until 4.3 Ma, after which the volume percentage of strained seamount increases to 70% by 6 Ma. For all other experiments, the volumetric percentage of seamount with a strain larger than 1 remains lower than half a percent until the seamount hits the backstop at x = 0.
Cross sections of viscosity at y = Ly/2 illustrate the manner in which the seamount deforms during subduction ( Figure 13 ). According to our simplified viscous-brittle/plastic rheological model, effective viscosities lower than η = 10 23 Pa s indicate brittle/plastic failure (Appendix A) and therefore visualize apparent brittle deformation. At 3.4 Ma, the seamount does not exhibit any significant internal deformation (Figure 13a ). Shortly after 4 Ma, the initiation of a shear zone crosscutting the seamount at its base is visible (Figure 13b ). At 4.6 Ma, almost the complete seamount is failing and brittle strain is accumulated, with a main shear zone that cuts the seamount at its base (Figure 13c ). The initially 18 km wide seamount is dismembered along a profile length~30 km after 5.2 Ma. The initially sheared off seamount is further deformed by a second shear zone cutting off its top (Figure 13d ). After 6.6 Ma, the seamount is entirely destroyed and ground down within the subduction interface, thereby also diminishing its effect on deformation within the overriding continental plate (Figure 13e ).
Discussion and Comparison to Natural Examples
Results demonstrate that the collision of seamounts at active trenches lead to severe brittle deformation of the overriding plate and in certain cases of the seamount. Distribution and magnitude of overpressure and underpressure displayed in vertical cross sections and slices parallel to the subduction interface shows that underthrusting seamounts have a major impact on the stress state within overriding plates. In the following, deformation patterns and topographic evolution of numerical experiments are compared to natural examples of seamount subduction along the Middle America Trench. Here obtained stress fields are discussed with respect to published numerical models and to their potential effect on seismicity along convergent margins.
Comparison to Topographic Evolution and Upper Plate Deformation of the Middle America Trench
Numerical results are compared to the Middle America Trench offshore Costa Rica and Nicaragua, which have been used as guide for the geometrical setup of our models (section 2). There, the oceanic Cocos Plate 
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subducts northeastward below the continental Caribbean Plate at a rate of~9 cm/yr [DeMets et al., 1990] . The Middle America Trench is considered to experience tectonic erosion, where removed mass from the bottom of the upper plate leads to extension and subsidence of the continental margin Vannucchi et al., 2003] . Additionally, colliding seamounts influence the structural evolution of the overriding plate. Offshore Costa Rica, seamounts with heights between 2 and 2.5 km and diameters of 20 km and are scattered on the oceanic plate . Along the continental slope, a series of seafloor embayments have been mapped and interpreted to result from seamount subduction (Figure 14) . Between 275°E and 275°20′E, three furrows traverse the margin marking three different stages of seamount subduction (marked 1-3 in Figure 14) . Gravitational collapse occurs in the wake of all these seamounts. The scar caused by seamount 1 is defined by a reentrant of the trench axis where the frontal sedimentary prism has not yet recovered. For the deeper-into-the-subduction seamounts 1 and 2, the frontal prism has been reestablished. Topographic bulges are observed atop seamounts 1 and 2, with the one above seamount 1 being more significant (Figure 14) . The lack of a topographic bulge over seamount 3 could indicate that this seamount has subducted further below the shelf or has been destroyed. This is supported by the inactivity of the collapsing wake, indicated by undisturbed sedimentary filling of the furrow (Figure 14) . However, clustering of seamounts under the shelf has been interpreted to support the presence of largely intact seamounts , one of those having been imaged with seismic tomography [Husen et al., 2002] . The trench reentrant and bulge at 274°40′ indicates a larger underthrust seamount, destabilizing a large part of the continental slope.
Observed natural topographic features from offshore Costa Rica are compatible with most modeling results presented here, except for the simulation with a strong upper plate (λ upper plate = 0.36) and no weakening, where the seamount is destroyed during descendence (Figures 9a, 10a, and 13) , and for the simulation with λ upper plate = 0.9 and λ weakened = 0.95, where the complete margin collapses gravitationally independent of the entering seamount (Figures 9f and 10f) . The topographic evolution of all other experiments is similar and best illustrated by the reference model (Figure 4) . There, the seafloor bulge diminishes from~2 km to~500 m as the seamount subducts deep under the margin (Figures 4a-4d ). This is similarly observed along the Costa Rica trench and indicates that a larger bulge (seamount 1) close to the trench axis does not imply a larger seamount (Figure 14) . The colliding seamount initially provokes a reentrant in the frontal prism (Figures 3a and 4e ) that is closed soon after the seamount fully underthrusts the continental slope (Figures 3b and 4f ), comparable to seamounts 1 and 2 (Figure 14) . Lateral ridges in the wake of numerical seamounts define a width of a furrow roughly equal to the seamount width at depth (Figure 4 ). This suggests similarly large seamounts 1-3 under the Costa Rica margin (Figure 14) . 
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A seismic reflection profile imaging the continental margin offshore Nicaragua (inlet in Figure 14 for location) illustrates a subducted seamount below the slope approximately 30 km landward from the trench axis (Figure 15a ). Similar to the continental margin offshore Costa Rica, there are the topographic bulge atop the seamount and a large-scale gravitational collapse of the slope, i.e., landsliding above the trenchward flank of the seamount Figure 15 . (a) Poststack time-migrated multichannel seismic (MCS) reflection dip line NIC-20, acquired perpendicular to the continental margin from the outer rise to near the coast line (see inlet in Figure 14 for location). The image shows the continuity of the plate boundary reflective zone. The top of basement is marked by a clear reflection under the slope that reaches trench, showing a pronounced thinning toward the trench axis with essentially no accretionary wedge. The Sandino Basin is compartmentalized in two subbasins by an uplifted basement high. The region is cut by abundant normal faults. Black triangle shows the subducted seamount location. (b) 130 km long section of a P wave velocity model of the overriding plate and geometry of the interplate boundary reflector obtained using ocean bottom hydrophones (OBH, yellow circles) deployed along the same line. The model has been obtained by joint reflection and refraction traveltime inversion [Sallares et al., 2013] . Interplate and upper plate Moho reflectors are represented by thick black lines. Isovelocity contours in the sediments are not shown for clarity. (c) Porosity model calculated using the P wave velocity model shown in Figure 15b . To convert velocity into porosity, we assume that the overriding plate basement is made of igneous rocks (basalts), so we have applied an empirical relationship based on data compilation for this rock type, shown in Figure 15e . Black tick indicates the critical porosity (ϕ c ) for water-saturated basalts [Nur et al., 1998 ]. Sediments are excluded from the calculation. (d) Average porosity along a 1 km thick band just above the interplate boundary, as a function of the distance from the trench, using the P wave velocity model shown in Figure 15b Figure 15a ). Intense trenchward dipping normal faulting along the upper slope area indicates that the margin is generally in extensional tectonic mode. This is consistent with the concept of subduction erosion, which is interpreted to take place along the Middle America margin [Vannucchi et al., 2003; von Huene et al., 2004] . Material is removed from the bottom of the overriding plate leading to constant subsidence of the slope. Normal faults indicate that the slope taper should be roughly in the order of the maximal critical taper angle [Davis et al., 1983] . This furthermore explains why bulges formed due to subducting seamounts that collapse gravitationally. Numerical results presented here support general extensional tectonics for the Middle America margin. Even though basal erosion is ignored in the experiments (thickness of eroding horizon is in the order of implemented numerical interface thickness of 400 m [von Huene et al., 2004] ), continental margins are overall in extension (Figures 5-8) . Large deep-rooted normal faults only develop within very weak upper plates (λ upper plate = 0.9). Those experiments are therefore in a supercritical state according to the analytical critical wedge theory, whereas the experiments with a stronger upper plate plot in the stable area [Davis et al., 1983] .
Joint reflection and refraction traveltime inversion of wide-angle seismic data collocated with the seismic reflection profile (Figure 15 ) provided a P wave velocity (V p ) model of the upper plate and geometry of the boundary reflector of the plate interface. The degree of rock fracturing/porosity (Figure 15c ) was calculated from V p using existing empirical relationships for fractured basalts as in Sallares and Ranero [2005] ( Figure 15e ). The method used to calculate V p and to transform it to fracturing/porosity values is explained in Appendix B. Average porosity values along a 1 km thick horizon above the interplate boundary indicate intense upper plate fracturing that concentrates in the wake of the subducted seamount and abruptly decreases landward of the location of the subducted seamount (Figure 15d) . Porosity values are everywhere below the critical limit, which means that the rock is still able to transmit stresses and store elastic energy. This could explain why this part of the interplate boundary fault ruptured coseismically during an event in 1992 even if the upper plate was severely damaged by the seamount [Sallares et al., 2013] . A similar spatial distribution of fracturing is also estimated from the numerical results. Accumulated plastic strain (quasi-brittle fracturing) above the subduction interface shows a similar trend as V p -derived porosity values (Figure 15d ). Combined seismic and numerical results indicate severe brittle deformation of the overriding plate due to seamount indentation, where the fractured corridor has the width of the tunneling seamount (Figure 10 ).
Impact of Subducting Seamounts on Stress States Along Continental Margins
Numerical results concerning stress states have to be taken into account with care due to the fact that elasticity is ignored in the numerical formulation. Nevertheless, the models provide realistic first-order long-term stress state estimates, which are mostly defined by the brittle strength (i.e., fluid pressure ratio) of the upper plate. The applied modeling strategy included testing the influence of upper plate strength, interface strength, and rheological weakening due to finite accumulated deformation. Results show that a general pattern of overpressure and underpressure as well as principal stress directions can be inferred independent of upper plate or interface strength: all cross sections (except simulation with λ weakened = 0.95; Figure 10c ) illustrate major areas of overpressure above the leading flank of the seamount and underpressure above the trenchward flank (Figures 5, 7 , and 11). Overpressured areas extend rearward and upward in all simulations. Furthermore, experiments display an underpressured triangle zone above the seamount reaching the seafloor as well as above the plate interface ahead the seamount (Figures 5, 7 , and 11). The similarity of obtained stress patterns leads to the conclusion that these are characteristic for convergent margins during seamount underthrusting. The magnitude of overpressure and underpressure areas depends on upper plate strength, i.e., the plastic stress envelope ( Figure 5 ). Investigated interface strength has a minor effect on stress evolution in the overriding plate (Figure 7 ), although only a very narrow range of interface strength values was applied here. Indeed, Baba et al. [2001] proposed a similar pattern of minimum and maximum incremental shear stresses around an indenting seamount. Three-dimensional numerical models of aseismic ridge subduction indicate a similar evolution of vertical displacement rates and development of reentrants along the subduction trench [Zeumann and Hampel, 2015] . Like in experiments presented here, their obtained stress field patterns are delineated by the extent of the underthrust ridge. Differences in absolute values are due to upper plate strength and the geometrical inequality of ridges and seamounts. overriding plate by the underthrusting seamount (Figures 5, 7, and 11) . This upward push of the margin leads to extensional differential stresses along the rearward bottom of the upper plate due to bending. These differential stresses are below the yield stress (Figure 3 ) and would be less prominent if elastic deformation would be additionally implemented. The extensional triangle zone atop the seamount forms the topographic bulge (Figures 4 and 14) and results from plate bending. Due to low confining pressure close to the surface, stresses are defined by the yield strength and extensional fractures and small offset normal faults cut the topographic bulge ( Figure 3) as it is commonly observed in seafloor maps ( Figure 14) . A pressure shadow zone characterized by underpressure develops in the wake of the seamount (Figures 5, 7, and 11) . Slices near the bottom of overriding continental plates illustrate that the areas of large overpressure and underpressure are delimited by the extent of the subducting seamount (Figures 6, 8, and 12) , resulting in a heterogeneous stress field that has potential to influence the stress regime along the actual subduction interface. An exception is the experiment with λ upper plate = 0.9 and λ weakened = 0.95 (Figures 9f, 10c, 11c, and 12c) , where the complete shelf collapses gravitationally, independent of seamount indentation.
Potential Implications for Seismogenesis
There has been a long-lasting, still ongoing discussion about the influence of rough seafloor topography [e.g., Das and Watts, 2009; Wang and Bilek, 2014] and of single seamounts [e.g., Wang and Bilek, 2011; Watts et al., 2010] on subduction zone seismicity. Some studies report that seamounts act as barriers for earthquake rupture propagation [Kodaira et al., 2000; Singh et al., 2011] . In other cases, earthquakes have been spatially related to the occurrence of subducted seamounts and interpreted to be related to rupture asperities [Bell et al., 2014; Sallares et al., 2013] . It appears that epicenters are located at the leading flank of underthrusting seamounts and that main slip occurs deeper, away from but near the seamount [Abercrombie et al., 2001; Geersen et al., 2015; Mochizuki et al., 2008] . Furthermore, Mochizuki et al. [2008] argued that the width of the rupture area can be influenced by that of the seamount, which can also be true for two earthquakes related to seamounts in Costa Rica [Bilek et al., 2003, Figure 1] . Abercrombie et al. [2001] showed that all aftershock mechanisms of the seamount-related 1994 Java earthquake exhibited normal faulting, most of them along the trenchward flank of the subducted seamount. The fact that seamounts can act either as barriers or as sources for earthquake rupture does not need to be contradictory. The 2014 Iquique earthquake partly ruptured the Northern-Chile seismic gap [Schurr et al., 2014] . Toward the south, rupture propagation ceased perhaps due to an area of lower plate coupling. This low coupled area spatially correlates with two subducted seamounts [Geersen et al., 2015] . Two days later, a 7.6 M w aftershock occurred at the landward extension of the seamount, propagating mainly landward [Geersen et al., 2015] . In both cases, seamounts appear to have hindered the rupture to propagate.
The plate coupling pattern in North Chile illustrates that there, seamounts are not pinning the fault locally, as mentioned as a general possibility by Zhan et al. [2012] . Wang and Bilek [2011] explained this by pervasive brittle weakening of the upper plate related to seamount indentation. An overriding plate fault pattern has been established from observed surface deformation of analogue models [Dominguez et al., 1998b] . This stands in contrast to earlier interpretations by Scholz and Small [1997] , who suggested that the purely elastic bending of the upper plate during seamount subduction increases the normal stress locally. Numerical experiments and seismic interpretations presented here report intense brittle deformation of the continental margin above subducting seamounts (Figures 9 and 15 ). An instantaneous fracturing pattern inferred from numerical strain rates shows subvertical fault zones at the trenchward and rearward extremities of the seamount and one above its center, dividing zones of push-up and gravitational relaxation (Figure 16 ). The pushed-up area above the leading flank of subducting seamounts defines the location of the topographic bulge, which undergoes extension (normal faulting) due to upward bending.
Patterns of deformation, overpressure and underpressure, and principal stresses presented in this study can qualitatively explain natural observations related to earthquake propagation, occurrence, and upper plate brittle fracturing, which appear to be strongly linked. The numerical stress field at the bottom of the overriding plate is strongly heterogeneous with increased stresses at the leading flank of the seamount. These numerical results are consistent with the abrupt increase of upper plate fracturing that occurs in the wake of a subducted seamount in the Nicaragua margin (Figure 15d ). The extreme change in stress state toward the seamount potentially influences the subduction interface, ceasing arriving fault ruptures. On the other hand, the overpressured area itself can be a potential source of earthquakes rupturing a relatively small area (Figures 6, 7, and 12) . This matches the argumentation that rupture areas related to earthquakes located at seamount extremities are in order of the width of the seamounts themselves [Bilek et al., 2003; Mochizuki et al., 2008] . Large overpressure values over those areas could indicate that such seismic events potentially experience large stress drops. Furthermore, such earthquakes are potentially dangerous as they can occur close to the subduction trench and generate tsunamis. This model has been proposed for the 1947 Hikurangi [Bell et al., 2014] and the 1992 Nicaragua [McIntosh et al., 2007; Sallares et al., 2013] tsunami earthquakes. Furthermore, reported extensional aftershocks above the trenchward seamount flank of the 1994 Java earthquake [Abercrombie et al., 2001 ] match the predicted underpressure (extensional) zone in numerical experiments (Figures 5-8, 11 , and 12).
Conclusion
A high-resolution three-dimensional finite difference model was used to investigate brittle/plastic deformation and stress distribution within active continental margins during seamount subduction. Different upper plate and subduction interface strength was applied depending on the fluid pressure ration λ. Additionally, simulations with a strain weakening effect were tested. Numerical results show that indenting seamounts strongly deform the overriding plate on a corridor as wide as the underthrusting seamount by constantly shifting subvertical shear zones rooted at the seamount extensions. A reentrant develops during initial seamount collision, as well as a topographic bulge atop the seamount and lateral ridges when the seamount subducts further. Strain weakening leads to a slightly more localized fracture system, but displacement remains generally little.
Patterns of overpressure and underpressure reveal that margins are generally under extension, due to their supercritical taper. Indenting seamounts result in strongly overpressured areas of the upper plate above the rearward and underpressured above the trenchward seamount flank, respectively. Overpressured and underpressured zones are spatially roughly identical with seamount extension. Absolute values depend on upper plate strength.
Numerical experiments reproduce observations from the Middle America Trench, such as reentrants along the frontal prism, bulges atop, and furrows delineated by ridges in the wake of subducting seamounts offshore Costa Rica. Porosity values derived from a P wave velocity model along a profile offshore Nicaragua indicate intense fracturing of the upper plate by seamount indentation. Numerical results support strong brittle overriding plate deformation. Wang and Bilek [2011] proposed that intense fracturing of the upper plate prevents great earthquake occurrence where large seamounts subduct.
A long-standing question in subduction dynamics is whether seamounts act as barriers or asperities for large and giant earthquakes. Numerical experiments presented here support observations from different earthquake rupture histories: (i) The very heterogeneous stress field around subducting seamounts and the deformation of the overriding plate acts as a barrier for the propagation of earthquake rupture surfaces sourced at a smooth part of the subduction interface and (ii) large overpressure areas with a width similar to that of the subducting seamount can trigger large stress drop, relatively small rupture surface 
A1. Governing Equations
The applied numerical code has been used in earlier studies to investigate critical taper mechanics in accretionary wedges [Ruh et al., 2013 [Ruh et al., , 2014 and is based on a three-dimensional, high-resolution, fully staggered grid, finite difference, marker-in-cell model with a visco-brittle/plastic rheology. Equations of mass conservation (assuming incompressibility)
and the conservation of momentum (Stokes equation)
are solved with an efficient OpenMP-parallelized multigrid solver (I3ELVIS) [Gerya, 2010; Gerya and Yuen, 2007] . u i = velocity (u 1 = u x , u 2 = u y , u 3 = u z ), x i = spatial coordinates (x 1 = x, x 2 = y, x 3 = z), P = dynamic pressure, ρ = density, g i = gravitational acceleration (g 1 = g 2 = 0, g 3 = 9.81 m/s 2 ), and τ ij = deviatoric stress tensor:
where η = viscosity and ε ij = strain-rate tensor:
Differential stresses exceeding yield stresses lead to plastic failure according to the Drucker-Prager yield criterion:
where τ II = second invariant of the stress tensor:
and σ y = yield stress:
with C = cohesion and ϕ = internal friction angle.
A2. Numerical Implementation
The system of equations based on the discretization of equation (A3) is solved implicitly with an efficient OpenMP-parallelized multigrid solver on 16 threads. Visco-brittle/plastic strain rates are obtained by a standard effective viscosity implementation [e.g., Buiter et al., 2006, and reference therein] . For stresses below the yield stress, the model rheology is linear viscous. When stresses reach the yield stress, effective viscosities η are depressed, according to
where σ y = yield stress, η vp = plastic effective viscosity, and ε II = second invariant of the strain-rate tensor:
Time steps are taken small to ensure very small changes of stress and strain-rate state of the markers so that no further iterations are needed. Benchmarking of this approach shows that the solution does not significantly change by adding more iterations [Gerya, 2010, chap 
